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Transcallosal projection neurons are a population of pyramidal excitatory neurons
located in layers II/III and to a lesser extent layer V of the cortex. Their axons form
the corpus callosum thereby providing an inter-hemispheric connection in the brain.
While transcallosal projection neurons have been described in some detail before,
it is so far unclear whether they are uniformly organized throughout the cortex or
whether different functional regions of the cortex contain distinct adaptations of their
transcallosal connectivity. To address this question, we have therefore conducted a
systematic analysis of transcallosal projection neurons and their axons across six distinct
stereotactic coordinates in the mouse cortex that cover different areas of the motor
and somatosensory cortices. Using anterograde and retrograde tracing techniques, we
found that in agreement with previous studies, most of the transcallosal projections
show a precise homotopic organization. The somata of these neurons are predominantly
located in layer II/III and layer V but notably smaller numbers of these cells are also found
in layer IV and layer VI. In addition, regional differences in the distribution of their somata
and the precision of their projections exist indicating that while transcallosal neurons
show a uniform organization throughout the mouse cortex, there is a sizeable fraction
of these connections that are heterotopic. Our study thus provides a comprehensive
characterization of transcallosal connectivity in different cortical areas that can serve as
the basis for further investigations of the establishment of inter-hemispheric projections
in development and their alterations in disease.
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INTRODUCTION
The mammalian neocortex is a highly complex layered structure containing a large number of
cell types that need to act in a coordinated fashion to enable the execution of elaborate cognitive
and behavioral tasks. The ability to perform those complex tasks relies on the highly organized
connections between those different neuronal subtypes (Schoenemann et al., 2005). Transcallosal
neurons, inter-hemispheric commissural large pyramidal cells, whose myelinated axons form the
corpus callosum and integrate information between the two cortical hemispheres (Aboitiz and
Montiel, 2003; Fame et al., 2011; Zhou et al., 2013), are a good example of this organization
pattern. The anatomical studies of this neuronal population have relied on anterograde
and retrograde labeling techniques to identify the cells of origin of the corpus callosum and
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to reveal their cortical organization in rats, cats or monkeys
(Jacobson and Trojanowski, 1974; Wise and Jones, 1976).
Later studies used biotinylated dextran amines (BDAs) to
describe their organization in more detail and provide a
more refined understanding of global connectivity in the
cortex (Yorke and Caviness, 1975; Aboitiz and Montiel,
2003; Schüz et al., 2006). From these studies we know, that
the cells of origin of the corpus callosum are principally
located in cortical layers II/III and to a lesser extent in
layer V (Fame et al., 2011). Further, their connections extend
homotopically to the contralateral hemisphere (Yorke and
Caviness, 1975; Aboitiz and Montiel, 2003; Garcez et al., 2007;
Fame et al., 2011). So far however no systematic analysis
of these connections—using identical anatomical tracers and
techniques—has been performed that allows us to compare
the organization of transcallosal connections in different
functional regions of the mouse cortex including the primary
motor and somatosensory cortices. Such a systematic analysis
of inter-hemispheric connectivity is important as defects
in those projections—either innate or due to injury—can
lead to disturbed connectivity and have been proposed to
contribute to altered cortical processes in autism and related
disorders (Egaas et al., 1995; Vidal et al., 2006; Paul et al.,
2007; Freitag et al., 2009; McAlonan et al., 2009). However
it is for example still unclear, whether specific regional
populations of transcallosal neurons are differentially affected
by or susceptible to such pathological alterations. A first
step to approach this question is to characterize the regional
variability of transcallosal connections across the mouse
cortex.
To achieve this aim, we have used the retrograde tracer
FluoroGold (FG), as well as the anterograde tracer BDA, to
respectively label the projection neurons and axonal connections
of transcallosal neurons in six distinct cortical locations spanning
primary motor and primary somatosensory cortices, including
the barrel cortex. In doing so, we were able to investigate whether
the homotopic columnar organization of transcallosal neurons
and their distribution in cortical layers II/III and V is a blueprint
of all transcallosal connections or whether this organization
differs depending on the location examined. In particular, we
focused on the following questions: (i) Are all transcallosal
connections in mice organized homotopically throughout the
cortex and how are the terminal fields of transcallosal axons
distributed within the contralateral homotopic cortical column?
(ii) In which layers are the somata of transcallosal neurons
predominantly located? and (iii) What is the regional variability
of these connections in terms of the location of the projection
cells, their columnar organization, and the contribution of
non-homotopic transcallosal projections?
Here we found in agreement with previous studies that
most of the transcallosal projections show a precise homotopic
organization and that terminal axons of the transcallosal
projections span the entire extent of the cortical column. The
cells of origin of these connections are primarily located in
layer II/III as well as in layer V. However we further found a
relevant fraction of these cells in cortical layer IV and layer VI.
Comparison of different cortical regions revealed that subtle
regional differences exist both with regard to the distribution
of transcallosal cell bodies along the cortical column as well as
with regard to the precision of their projections. While overall
this neuronal population shows a remarkably homogenous
organization throughout the cortex, we also found heterotopic
connections that are present throughout the mouse cortex and
show a comparably higher level of regional variability. Our data
support the well-known overall uniformity of interhemispheric
connections that might be important for the robust execution
of a range of cortical functions but also reveal the presence of
regional heterogeneity that might help to mediate their local
adaptation.
MATERIALS AND METHODS
Animals
Six to twelve week-old female C57/Bl6 mice (Janvier SAS; n = 32)
were used for this study. All experimental procedures were
performed according to the German guidelines on animal welfare
and were approved by local regulatory committees (Regierung
von Oberbayern).
Tracer Injections
Anesthesia was induced by i.p. injections of Midazolam
(5.0 mg/kg bodyweight)/Medetomidine (0.5 mg/kg
bodyweight)/Fentanyl (0, 05 mg/kg bodyweight) in accordance
with local animal welfare recommendations. We confirmed
that animals were sufficiently anesthetized by the absence of
pedal reflex. In order to characterize the axonal terminal fields
of transcallosal neurons, we injected 1.5 µl of the anterograde
tracer BDA (10,000 MW; Life Technologies; Reiner et al., 2000;
Bareyre et al., 2002, 2004) using a finely pulled glass micropipette
(coordinates from Bregma: −1.5 mm; 1.7 mm lateral; 0.3 mm
depth to target layers II/ III and 0.6 mm depth to target layer V).
The micropipette remained in place for 3 min following the
injection to avoid backflow.
To describe the location and distribution of transcallosal
projection neurons, we retrogradely labeled them by
stereotactically injecting 0.5 µl of (FG; 1% in 0.1 M Cacodylate
buffer, Fluorochrome LLC) in the primary motor cortex, the
primary somatosensory cortex outside and inside the barrel
cortex area. Briefly, a small hole was drilled in the skull and a
glass capillary micropipette tip was slowly lowered into the brain
tissue before injection. The pipette tip remained 3 min in the
brain after the injection was completed to limit backflow and was
then removed from the tissue. We used the following injection
coordinates with respect to Bregma: rostrocaudal +0.3 mm and
−1.5 mm, lateral 1.3 mm, depth 0.3 mm; rostrocaudal +0.3 mm
and −1.5 mm lateral 1.7 mm, depth 0.3 mm and rostrocaudal
+0.3 mm and−1.5 mm, lateral 3.5 mm, depth 0.3 mm).
After the surgery, mice were allowed to wake up on a heating
pad (38◦C) and received analgesic treatment with Metacam
(0.05 mg/kg, Boehringer Ingelheim) up to 48 h after the
procedure. All animals were sacrificed 10 days post-surgery,
in order to ensure that the tracer has enough time to travel
efficiently to its target location.
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Generation, Production and Stereotactic
Injection of Recombinant AAV Vectors
For the tissue clearing experiment, we anterogradely labeled
transcallosal axons with an adeno-associated virus (AAV)
expressing the yellow fluorescent protein. We generated pAAV-
CAG-EYFP (rAAV-EYFP) by inserting EYFP (from pEYFP-N1)
into pAAV-CAG-MCS. Recombinant AAV chimeric virions
containing a 1:1 ratio of AAV1 and AAV2 capsid proteins were
generated as previously described (Grimm et al., 2003; Klugmann
et al., 2005; Lang et al., 2013; Jacobi et al., 2015). To anterogradely
label transcallosal axons, we pressure injected 0.7 µl of rAAV-
CAG- EYFP at two adjacent injection sites into layer II/III of
the somatosensory cortex using a finely pulled glass micropipette
(concentration 0.6 × 1012 genome copies/ml; coordinates from
Bregma:−1.5mm; 1.7 and 1.9mm lateral, 0.3 mmdepth) 10 days
prior to brain clearing. The micropipette remained in place for
3 min following the injection to avoid backflow.
Tissue Preparation for Analysis
Animals were sacrificed with isoflurane and perfused with
PBS-Heparin (1:500) solution followed by 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PBS). Tissue was post-fixed
with 4% PFA for 24 h and subsequently the brains were removed
for cutting on a vibratome (Leica). Sections were cut at a
thickness of 100 µm for identification of transcallosal neurons
and stained free-floating with NeuroTrace 435 (ThermoFischer
Scientific; 1:500 in 0.1% Triton PBS) overnight at 4◦C. Following
incubation, sections were again washed three times in 1×PBS for
10 min and finally mounted on slides with VectaShield (Vector
Laboratories).
Imaging and Image Processing
Confocal image stacks of transcallosal axons (anterogradely
labeled) and transcallosal projection neurons (retrogradely
labeled) were acquired with an Olympus FV1000 confocal
microscope equipped with standard filter sets. The images of
the retrogradely labeled axons were taken with a 10× objective,
zoom 1× and 1024× 1024 resolution using Kalman filtering and
scanning 10 µm of the total section thickness using a z-step size
of 1 µm. To image anterogradely labeled transcallosal axons and
transcallosal projections, confocal image stacks were acquired
using a Leica SP8 confocal microscope with a 20× objective,
zoom 1× and 1024 × 1024 resolution and a z-step size of
1.04 µm. Image stacks were processed using ImageJ software to
generate maximum intensity projections. To obtain final images,
these maximum intensity projections were processed in Adobe
Photoshop using gamma adjustments to enhance visibility of
intermediate gray values and median filtering to suppress noise
when necessary.
Tissue Clearing and Imaging of Cleared
Tissue
Transcallosal connections were traced using an AAV-EYFP (see
above for production and titer). Traced brains were cleared
using a simplified version of the 3DISCO protocol first described
by Ertürk et al. (2012). All clearing steps were performed at
room temperature. For the first step of clearing, 50% (vol/vol),
70% and 80% of Tetrahydrofuran/H2O (THF; Sigma 186562-
12X100ML) dilutions in distilled water were prepared. Samples
were first incubated with 50% THF for 1 h, followed by 70%
and 80% THF for 1 h, each in a glass vial on a rotor. The
sample bottles were covered with aluminum foil and incubation
was carried out in the dark to avoid bleaching. Samples were
then incubated with 100% THF for 1 h, overnight (o/n) and
again for 1 h followed by incubation in Dichloromethane
(DCM; Sigma 270997-12X100ML) for at least 1 h or until
they sank to the bottom of the vial. Finally, samples were
incubated in Dibenzyl Ether (DBE; Sigma 108014-1KG) for at
least 30 min or until clear (∼1 h) and then stored in DBE
at room temperature. Note that the samples were immersed
completely in each clearing solution in an eppendorf tube
(∼4–5 ml) filled up to the brim to avoid any air bubbles
in the tube. Cleared samples were kept in the final clearing
solution (DBE) including during imaging. Thick brain sections,
(2 mm) were imaged on a light-sheet microscope imaging
system (UM II LaVision BioTec-UltraMicroscope II) equipped
with a 4× objective (Olympus XLFLURO4x), with 0.28 NA
and a lens equipped with a 10 mm working distance dipping
cap and z-step size of 3 µm. For the images presented
on Figure 1, 3D-projections were performed with Imaris
(Bitplane1). HeatMap Histograms were generated in Fiji/ImageJ
(Schindelin et al., 2012).
Data Analysis
Quantification of the Location of the Terminal Fields
of Transcallosal Axons Following Anterograde
Labeling
BDA 10,000 MW was injected either in layers II/III or layer V of
the cortex in order to determine whether transcallosal neurons
located in different cortical layers have differential projections
in the contralateral homotopic column. The distribution of
transcallosal axons in the contralateral cortex was quantified
on 3–5 sections per animal in Fiji/ImageJ (Schindelin et al.,
2012). The sections were selected relative to the distance from
the point of injection, starting from section zero at the center
of injection (−1.5 mm from Bregma) and the two immediate
sections rostrally and caudally to section zero. Cortical layers
were defined based on NeuroTrace staining. The extent of the
area in which the terminal fields are located was circled per
layer and across the entire depth of the cortex. Then, integrated
densities were calculated using the ‘‘measure tool’’ in Fiji/ImageJ
for each layer as well as across the depth of the cortex (total
integrated density). Integrated density is defined as the product
of the area analyzed by the mean intensity in this area (the sum of
the intensity values of all the pixels in the selection divided by the
number of pixels). To calculate the proportion of terminal fields
in a given contralateral cortical layer, the integrated fluorescence
intensities of this layer were determined using the ‘‘measure tool’’
in Fiji/ImageJ and related to the total integrated fluorescence
intensity measured throughout the cortical column.
1http://www.bitplane.com/imaris/imaris
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FIGURE 1 | Visualization of transcallosal projections in 2 mm thick
cleared brain section using 3DISCO clearing. (A,B) 3D-views of thick
cleared brain sections showing the distribution of transcallosal projections
throughout the brain section using two side views (A,B; red asterisk shows the
injection site). (A’,B’) 3D-HeatMap views (generated in ImageJ/Fiji) identical to
the cleared brains presented in (A,B) showing the intensity of labeling and the
distribution of transcallosal projections contralateral to the injection (intensity
scale from blue: low intensity to red: high intensity created using the ImageJ
plugin HeatMap Histogram). Note in (A’) the axonal path of transcallosal
neurons indicated with a white arrowhead and in (B’) projection to two distinct
areas in the contralateral hemisphere (white arrows). (C) Higher magnification
3D-view of cleared thick brain section showing apical dendrites of layer V
transcallosal neurons at the injection site. (D) Magnification (5×) of the box
image in (C). Scale bars equal 1 mm in (A,A’), 500 µm in (B,B’) and (C),
100 µm in (D).
Quantification of Transcallosal Projection Neurons
Following Retrograde Labeling with FluoroGold
For the analysis of the FG-labeled transcallosal neurons, five
sections per animal were selected and imaged using an Olympus
FV1000 confocal microscope. The selection of the sections was
based on the distance from the point of injection. First, we
defined the center of injection (section zero) as the section
which had the most intense labeling on the ipsilateral side and
corresponded to Bregma −1.5 mm for the group injected caudal
to Bregma and Bregma +0.3 mm for the group injected rostral
to Bregma. According to that, we imaged a total of five sections
(including the section directly homotopic to the center of
injection), corresponding to the following coordinates:−2.1mm,
−1.8 mm, −1.5 mm, −1.2 mm, −0.9 mm from Bregma (for the
injections caudal to Bregma) and −0.7 mm, 0 mm, +0.3 mm,
+0.6 mm, +0.9 mm from Bregma (for the injections rostral to
Bregma), respectively. Quantification of the retrogradely-labeled
FG positive cell bodies of transcallosal projections was carried
out on a confocal maximum intensity projection (z-stack).
FG labeled cells were counted manually using the cell-counter
plugin of Fiji/Image-J. A total of three areas—contralateral
to the hemisphere of injection—were selected to analyze the
distribution of FG positive neurons: the homotopic area (HA),
FIGURE 2 | Terminal fields of transcallosal axonal projections are
located in distinct layers of the homotopic contralateral cortex with a
specific targeting across cortical layers. (A) Left: confocal images of
transcallosal projections in the contralateral hemisphere following injection of
the anterograde tracer biotinylated dextran amine (BDA) 10,000 MW in
(Continued)
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FIGURE 2 | Continued
layer II/III (top) and in layer V (bottom) of the ipsilateral cortex (NeuroTrace,
green; BDA 10,000 MW, purple). Right: quantification of the neurons labeled
with BDA 10,000 MW in the different cortical layers following injections in layer
II/III (top) and layer V (bottom). (B) Confocal images of transcallosal projections
in the contralateral hemisphere following injection of the anterograde tracer
BDA 10,000 MW in layer V of the ipsilateral cortex (NeuroTrace, green; BDA
10,000 MW, purple). White arrows in right images show the presence of
axonal projections outside of the homotopic cortical area following injections in
layer V of the cortex and to lesser degree following injections in layer II/III of the
cortex. (C) Higher magnification of the contralateral cortex showing the
terminal fields of transcallosal axons following injection in layer II/III (left panel)
or layer V (right panel). (D) Quantification of the location of transcallosal axon
terminals in the contralateral cortex and their repartition per cortical layer. No
differences were found following injections in layer II/III and layer V. Scale bars
equal 500 µm in (A,B) and 200 µm in (C). One-way analysis of variance
(ANOVA) followed by Tukey post hoc test: ∗∗∗p < 0.001; ∗∗p < 0.01.
the center of which was positioned at the same distance from
the midline as the center of the injection site and the lateral
adjacent area (LAA) and medial adjacent area (MAA). The size
of each analyzed area in the three locations was 1226 mm2. To
analyze the distribution of the cells across the areas, cells in each
area were counted separately and related to the total number of
cells present in all three areas (HA + LAA + MA) of the same
section.
In order to define the cortical layers, in which these neurons
were located we used NeuroTrace labeling. Then, we counted the
number of FG positive cells in a given cortical layer of a given
area (HA, MAA or LAA) and divided it by the total number of
FG positive cells present in the entire area (HA, MAA or LAA).
To analyze the data, the results of the quantifications
were first pooled across the different injection coordinates to
give an overview of the general distribution of transcallosal
projection neurons (as shown in Figures 3, 5). In order to
determine the regional variability of this distribution between
subpopulations of transcallosal neurons, data for all independent
injection coordinates of the primary motor cortex and primary
somatosensory cortex (outside and within the barrel cortex) were
also analyzed individually (as shown in Figures 4, 6).
Statistical Evaluation
Results are given as mean ± SEM. GraphPad Prism 5.01 for
Windows (GraphPad Software) was used to perform statistical
analysis. Formultiple comparisons a one-way analysis of variance
(ANOVA) followed by a Tukey’s post hoc test was performed
or a two-way ANOVA followed by Bonferroni post hoc test.
Significance levels are indicated as follows: ∗p< 0.05; ∗∗p< 0.01;
∗∗∗p< 0.001.
RESULTS
To study the organization of transcallosal connections in
the mouse cortex we used both anterograde and retrograde
tracing approaches. Anterograde tracing was employed to:
(i) reconstruct the large-scale distribution of transcallosal axons
in cleared brain tissue; and (ii) to investigate the layer-
specific projection pattern of these axons in the contralateral
cortex. Retrograde tracing of transcallosal neurons was used to
FIGURE 3 | Homotopic organization of transcallosal projection
neurons. (A) Confocal image of retrogradely labeled transcallosal projection
neurons (injection in the motor cortex rostral to Bregma) that illustrates how
we analyzed the homotopic organization of the transcallosal projection
neurons. Shortly, a line was drawn from the center of injection of the
retrograde tracer and the junction of the two hemispheres. Then a similar line
(same length and same angle) was drawn to the contralateral side to define
the homotopic area (HA), the lateral adjacent area (LAA) and the medial
adjacent area (MAA). (B,C) Confocal pictures showing the organization of
transcallosal projection neurons mostly in the area homotopic to the
contralateral point of injection after injections in the barrel cortex caudal to
Bregma (B,C). The two adjacent areas show the presence of some projection
neurons albeit in minor quantities. Some neurons were also found in the lower
perirhinal cortex (B, white arrowhead and C, white arrows). (D) Quantification
of the repartition of transcallosal projections neurons in the three areas defined
in (A). Scale bars equal 200 µm in (A,B) and 500 µm in (C). One-way anova
followed by Tukey post hoc test: ∗∗∗p < 0.001.
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FIGURE 4 | Comparison of the homotopic organization of transcallosal projection neurons across different brain regions. (A) Scheme of the stereotactic
coordinates used for retrograde tracing in the study. (B–G) Confocal images of the contralateral cortex following injection of a retrograde tracer in motor cortex
(rostral to Bregma; B), somatosensory cortex (rostral to Bregma; C), barrel cortex (rostral to Bregma; D), motor cortex (caudal to Bregma; E), somatosensory (caudal
to Bregma; F), barrel cortex (caudal to Bregma; G) showing the homotopic organization of transcallosal projection neurons. (H–J) Quantification of the repartition of
the transcallosal projection neurons in the contralateral cortex in the HA (H), the LAA (I) and the MAA (J). Full bars, injections in the cortex rostral to Bregma; dashed
bars, injections in the cortex caudal to Bregma; green: injection in the motor cortex, blue: injection in the somatosensory cortex and yellow: injection in the barrel
cortex. Scale bars equal 250 µm in (B–G). One-way Anova followed by Tukey test were used for each area.
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FIGURE 5 | Transcallosal projection neurons are primarily located in layer II/III and layer V of the contralateral cortex. (A) Confocal image of the
homotopic cortical area (HA) showing the presence of labeled transcallosal projection neurons in layer II/III and layer V. (B) Confocal image of the cortex focusing on
the lateral adjacent projection area (LAA) showing similar numbers of transcallosal projection neurons in layer II/III and layer V. (C) Confocal image of the cortex
focussing on the medial lateral adjacent projection area (MAA) showing the location of transcallosal projection neurons in layer II/III and layer V. (D) Quantification of
the repartition of transcallosal projection neurons across different cortical layers in the HA. (E) Quantification of the repartition of transcallosal projection neurons
across different cortical layers in LAA. (F) Quantification of the repartition of transcallosal projection neurons across different cortical layers in MAA. Scale bars equal
200 µm in (A–C). One-way-Anova followed by Tukey post hoc test: ∗∗∗p < 0.001; ∗∗p < 0.01.
determine the location of transcallosal projection neurons across
a large part of the cortex covering motor and somatosensory
coordinates. The overriding aim of this study was to reveal the
regional variability of transcallosal connectivity in anatomically
and functionally distinct brain regions.
Anterograde Labeling and Brain Clearing
Visualize the Organization of Transcallosal
Connections In Situ
We used a brain clearing technique in order to visualize
labeled transcallosal projections within the intact brain tissue
and investigate the pattern of connections in the contralateral
cortex in three dimensions (Figure 1). To ensure that enough
transcallosal neurons were labeled and their corresponding
axons could be imaged through a thick (2 mm) cleared
brain we used a recombinant AAV, expressing EYFP under
the control of the CAG promoter. Using 3DISCO clearing
(Ertürk et al., 2012; Ertürk and Bradke, 2013; Renier et al.,
2014), we could already detect the labeled projection neurons
and their axonal projections in the contralateral cortex,
at a low magnification (Figures 1A–C). The homotopic
organization of transcallosal neurons was immediately apparent
in the cleared tissue (Figures 1A–B′) a and transcallosal
axons could be followed through the corpus callosum to
the contralateral side (Figures 1A–B′; white arrowheads).
Their transcallosal axons mainly projected to two distinct
cortical layers (Figures 1B,B′; white arrows). Finally, the
relatively sparse labeling achieved in our study allowed us
to distinguish not only individual projection neurons in the
cortex but also single neurites (Figures 1C,D), underscoring
the capability of tissue clearing techniques to reveal the
anatomy of defined axonal tract systems across different
scales.
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FIGURE 6 | Comparison of layer-specific organization of transcallosal projection neurons across the mouse cortex. (A) Scheme of the stereotactic
coordinates used for retrograde tracing in the study. (B) Quantification of the location of transcallosal neurons in different cortical layers of the HA following injections
in the cortex rostral to Bregma (full bars) and caudal to Bregma (dashed bars). (C) Quantification of the location of transcallosal neurons in different cortical layers in
the LAA following injections in the cortex rostral to Bregma (full bars) and caudal to Bregma (dashed bars). (D) Quantification of location of transcallosal neurons in
different cortical layers in the MAA following injections in the cortex rostral to Bregma (full bars) and caudal to Bregma (dashed bars). Green: injection in the motor
cortex, blue: injection in the somatosensory cortex and yellow: injection in the barrel cortex. Two way- Anova (variables: (i) Areas of labeling and (ii) Injection sites)
followed by Bonferroni post hoc test performed for each independent dataset. ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05.
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Anterograde Labeling Reveals that
Transcallosal Neurons Located in Layer
II/III and Layer V of the Cortex Show
Similar Innervation of the Entire
Contralateral Cortical Column
In this experiment we took advantage of the tracer BDA
10,000 MW in order to anterogradely label transcallosal
connections. We first wondered whether transcallosal neurons
located in layers II/III and layer V of the cortex, would differ
in their innervation pattern of the contralateral side. In order
to answer this question, we injected BDA either in layers II/III
or V of the cortex (Figure 2A). To verify the specificity of
injection, we determined the proportion of BDApositive neurons
at the site of injection in each cortical layer, defined based on
Neurotrace labeling (Figure 2A). We observed that injections
in layer II/III led to a predominant location of labeled cells
in the corresponding layer (p < 0.001) and similarly injections
in layer V led to a predominant location of labeled cells in
the corresponding layer (p < 0.01). We then analyzed the
projection pattern of transcallosal neurons in the contralateral
hemisphere (Figures 2B–D) and found that, following both types
of injections the trancallosal axons projected primarily to the
HA and showed a strong columnar organization (Figures 2B,C),
with terminal fields of the axons spanning the entire extent of
the cortical column (Figures 2B,C). Furthermore, we could find
additional transcallosal axon branches that enter the cortex more
medial and more lateral from the main columnar projections
(white arrows, Figure 2B). These ectopic projections were more
frequently detected following layer V injections, but were also
present following layer II/III injections.
Finally, we mapped the terminal fields of transcallosal axons
labeled by layer II/III and layer V injections by measuring the
integrated fluorescence intensities in distinct cortical layers of the
homotopic contralateral cortex. Overall, no differences between
the different injection sites were found. Also, on average (average
of all injections sites) 48.4± 3.4% of the total projections were in
layers II-IV, 35.1 ± 2.8% in layer V and 16.4 ± 1.8% in layer VI
(Figure 2D). This underlines that transcallosal neurons located
in layer II/III and layer V follow common organization principles
and show similar contralateral projection patterns. It is however
important to stress that those projections are not confined to
layers II-IV and V but are also present in layer VI underscoring
that they span the entire extent of the cortical column
(Figures 2C,D).
Retrograde Labeling Confirms the Overall
Homotopic Organization of Transcallosal
Projection Neurons but also Reveals
Distinct Heterotopic Connections
In order to determine the location of the cell bodies of
transcallosal axons we used FG as a retrograde tracer (Schmued
and Fallon, 1986; Lanciego and Wouterlood, 2006). We used
six different coordinates (spanning the primary motor cortex
and primary somatosensory cortex). We found that most of the
cells of origin of transcallosal axons are located in homotopic
regions of the contralateral cortex. To assess this, we analyzed
the following three areas for each injection: the area homotopic
to the contralateral site of injection, as well as the similar-sized
medial and LAAs (Figure 3A). When we analyzed all animals
together, our findings show that the majority of transcallosal
neurons are strongly and significantly (p < 0.001) located in the
HA (Figures 3B,C). Indeed 63.8 ± 9.3% of the total number
of cells of origin of transcallosal axons are located in the HA.
Importantly up to 21.9 ± 6.1% of cells of origin of transcallosal
axons were found in the LAA and up to 14.7 ± 7.2% in the
MAA (Figure 3D) which underscores the relative importance of
those heterotopic connections. It is, in addition, worth noting
that some cells are found ectopically outside of the three above
defined areas (Figures 3B,C; white arrows) in particular around
the perirhinal cortex (Figure 3B; white arrowhead).
Next, we separately analyzed animals injected retrogradely
in the primary motor cortex and in the primary somatosensory
cortex (outside and within the barrel cortex). We observed that
the homotopic organization of transcallosal neurons is mostly
maintained independently of the site of injection (Figures 4A–J).
For example, 68.5 ± 4.2% of the transcallosal neurons traced
from the M1 cortex (rostral coordinate) were localized in the
HA as well as 69.4 ± 5.3% of the neurons traced from the
S1 cortex (rostral coordinate), 62.2 ± 4.7% of the neurons
traced from the barrel cortex (rostral coordinate), 57 ± 1.7%
of the neurons traced from the M1 cortex (caudal coordinate),
63 ± 4.8% traced from the S1 cortex (caudal coordinate)
and 61 ± 2.2% barrel cortex (caudal coordinate; Figure 4H).
Likewise, the percentages of transcallosal neurons located in the
lateral adjacent and MAAs were in a similar range across all
coordinates investigated in this study confirming that while the
homotopic organization principle is maintained throughout the
cortex, there is a significant proportion of transcallosal neurons
that are located heterotopically (Figures 4I,J).
Transcallosal Neurons throughout the
Cortex Are Primarily Located in Layer II/III
and Layer V but Can also be Found in
Ectopic Layers Particularly in Heterotopic
Areas
We then investigated the distribution of transcallosal projection
neurons across different cortical layers in the HA as well
as in the adjacent lateral and medial regions. As previously,
we relied on NeuroTrace staining to distinguish layers in
the cortex and counted all neurons labeled with FG in the
respective layers (Figures 5A–C). Analysis of all animals as a
single group showed that transcallosal projection neurons in the
HA are significantly and predominantly located in layer II/III
(42.3± 1.0% of FG labeled neurons) and in layer V (31.8± 1.4%
of FG labeled neurons). However smaller proportions of FG
labeled cells—still averaging more than 20% of the total labeled
neurons—were located in layer IV (11 ± 0.9%) and in layer VI
(14.9± 1.2%; Figures 5A,D). These percentages changed slightly
when considering the adjacent areas, in which the layer specific
organization appears to be overall less strict, in particular in the
LAA (Figures 5B–F).
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We then investigated whether the distribution of the
transcallosal projection neurons across cortical layers depends on
the particular region of the cortex that was injected (Figure 6).
In the HA, we found that most of the neurons were located
in layer II/III of the cortex and in layer V, irrespective of
the site of injection (Figures 6B–D). When we observed the
LAA, our results showed that injection in the motor and
somatosensory cortices revealed a similar distribution to that
found in the HA with small marginal differences (Figures 6B,D).
However, the injections into both regions of the barrel cortex
showed that more transcallosal neurons are located in layer
V than in layer II/III (Figure 6C). In contrast, in the MAA
in particular of the primary motor cortex a comparably high
proportion of transcallosal neurons are located in layer II/III
(more than 50% for the injections rostral to Bregma and more
than 70% for the injections caudal to Bregma; Figures 5B,C,
6D). Taken together these results confirm a rather uniform
organization of transcallosal connections. This organization
appears to be particular homogenous in the HA and shows
more regional variability in the adjacent medial and lateral
areas.
DISCUSSION
In this study we have used anterograde and retrograde tracing
techniques to perform a systematic analysis of transcallosal
axonal pathways across the motor and somatosensory cortex.
The aim of the study was to determine whether transcallosal
pathways are anatomically organized in a uniform fashion or
whether differences between functionally distinct brain regions
can be detected. Our conclusion is that, overall, transcallosal
projections are uniformly organized across the cerebral cortex.
This organization pattern is particularly rigorous in the HA,
while some degree of regional variability is detected in the
adjacent medial and lateral areas.
Visualization of the Transcallosal Axonal
Pathway in Cleared Brain Tissue
In order to visualize the transcallosal pathways throughout
an entire cleared brain block we used the 3DISCO procedure
(Ertürk et al., 2012; Ertürk and Bradke, 2013). Although we
used a recombinant AAV with a strong promoter driving
the yellow fluorescent protein to label the axonal tract
anterogradely (EYFP), we found that the tissue had to be
imaged rapidly to conserve the quality of the fluorescence as
the clearing solution degrades the fluorescent signal over time
as noticed before Ertürk et al. (2012). When we imaged the
samples shortly after completion of the clearing procedure,
we found that transcallosal connections can be visualized in
intact cleared brain blocks without further immunostaining.
Not only could we detect the site of injection but also the
contralateral projection sites as well as the cortical layers
in which the transcallosal axons terminate. The degree of
resolution was such that we could, when labeling was sparse,
also detect single neurites of transcallosal projection neurons,
indicating that clearing techniques can be used to reconstruct
fluorescently labeled transcallosal projections (Renier et al.,
2014).
Organization of Transcallosal Neurons and
Their Projections
We used conventional anterograde tracing techniques to further
characterize the projection pattern of transcallosal neurons
in the contralateral cortex. We first investigated where the
axonal fields terminated, depending on the depth of injection
in the ipsilateral cortex. We performed this experiment in
order to determine whether transcallosal neurons, located in
layers II/III or layer V, project their axons to different cortical
locations. While several previous reports have mentioned that
transcallosal neurons predominantly reside in layer II/III (Wise
and Jones, 1976; Peters et al., 1990; White and Czeiger, 1991;
Fame et al., 2011) others also found a significant amount of
the neurons in layer V (O’Leary et al., 1981). Based on these
previous observations we chose to inject the anterograde tracer
alternatively in layers II/III and in layer V. We found that
neither the homotopic organization nor the distribution of axon
terminals across different cortical layers is affected by the site of
injection. It is however important to note that the transcallosal
projections show columnar organization with terminal axons
spanning the entire extent of the cortical column. This indicates
that both subpopulations of transcallosal neurons—whether they
reside in deep layers of the cortex or in superficial layers
of the cortex—maintain similarly organized projections to the
contralateral hemisphere and that their projections through the
cortical layers might be more widely spread out than previously
reported. With regards to our experiment it is important to
note, that we injected relatively high amounts (1.5 µl) of BDA
tracer, in order to label enough transcallosal neurons and obtain
a good visualization of the terminal field distribution. While this
approach led to some spread of the tracer only in immediately
adjacent cortical layers (e.g., layer I and IV for layer II/ III
injections and layer IV and VI for layer V injections) we are
confident that this did not affect our conclusion as both types
of injections resulted in essentially the same projection pattern
while the primary ipsilateral labeling was strongly localized to
the injected layers (Figure 2A) Interestingly, injections in layer
V also gave rise to a slightly higher number of ectopic (outside
of the homotopic region) axon terminal fields when compared to
injections in layers II/ III. These ectopic projections might have a
specific significance in inter-hemispheric connectivity.
In order to determine the organization of transcallosal
projection neurons we used the retrograde tracer FG to
investigate the location of transcallosal projection neurons in the
contralateral cortex. We found that about 2/3rd of all neurons
retrogradely labeled are localized in a region homotopic to the
injection area, which is in agreement with previous reports
(Schüz et al., 2006; Fame et al., 2011; Oswald et al., 2013),
emphasizing that a sizeable proportion of those transcallosal
projection neurons resides in heterotopic areas. When we further
assessed the distribution of those projection neurons across the
different cortical layers we found that most of these neurons are
located in layers II/III and layer V of the cortex. This finding
is in accordance with previous reports (Wise and Jones, 1976;
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O’Leary et al., 1981; Peters et al., 1990; White and Czeiger, 1991;
Fame et al., 2011) that either showed predominant presence
in layer II/III (Fame et al., 2011) or in layer V (O’Leary
et al., 1981). While previous reports however often suggest an
almost exclusive localization of transcallosal neurons within layer
II/III and V (Fame et al., 2011), we observed that about 20%
of these neurons are located in layers IV and VI. A similar
distribution with a preferential but not exclusive localization
of transcallosal neurons in layers II/III and V was also found
when we analyzed the two areas adjacent to the HA (which
encompasses fewer labeled cells but still about 15%–20% of
the transcallosal neurons). This new finding is important as it
underscores the importance of these heterotopic connections
in normal mice. As it is reported that heterotopic connections
increase following partial callosal agenesis (Wahl et al., 2009), it is
possible that these connections are important for compensatory
behavioral and cognitive function following innate or acquired
callosal defects.
Regional Commonalities and Differences
of Transcallosal Projections Neurons
Across the Cortex
So far, the majority of studies, which investigated the
organization of transcallosal neurons, have only done so at a
single brain region, most often focusing on the somatosensory
cortex (Wise and Jones, 1976; Peters et al., 1990; White and
Czeiger, 1991; Schüz et al., 2006). Directly comparing these
studies is difficult as they often used different tracing and
evaluation approaches. Here we wanted to study whether
transcallosal projections are stereotypically organized across
different brain regions or whether they show substantial
structural adaptations in anatomically and functionally distinct
cortical areas. This determines amongst others to what extent
findings about transcallosal connectivity in one region can be
transferred to other parts of the cortex. To assess the regional
diversity we therefore used standardized tracing approaches to
reveal the organization of transcallosal connections in six distinct
brain areas covering a wide range of coordinates of the primary
somatosensory and primary motor cortex. Our results show that
in all cortical regions investigated transcallosal connections are
structured remarkably similar both with regards to the homotopy
of their projections and the layer-specific organization of the
projection neurons. In this context it is interesting to note that
some transcallosal neurons—in particular those located in the
deeper cortical layers can have dual axonal projections (Cauller
et al., 1998; Mitchell and Macklis, 2005; Wahl and Ziemann,
2008). Indeed both our anterograde and retrograde analysis also
identified a smaller proportion of heterotopic connections that
often targeted adjacent cortical areas.
While the overall organization of transcallosal connections
is thus uniform across the different cortical areas, we
also found important regional differences. For example,
the distribution of transcallosal neurons across cortical
layers seems to depend on their location in the primary
somatosensory or the primary motor cortex. Interestingly such
regional differences are primarily observed in heterotopically
projecting neurons, while the organization of homotopically
projecting neurons shows substantially less variability. This
underlines the idea that these heterotopically projecting
neurons might serve different functional purposes in
the primary motor and primary somatosensory cortex.
One option is that these connections can be recruited
as part of a compensatory reorganization of neuronal
connections following innate callosal agenesis or postnatal
injury.
As correct inter-hemispheric connectivity is crucial for a
precise cortical processing and integration it will thus be
important to further understand possibly distinct functional
properties of homotopic and heterotopic transcallosal projection
neurons in both motor and sensory function. We hope that
the systematic characterization of transcallosal connections that
we provide here will help to address such questions in the
future and allow us to better understand how inter-hemispheric
connectivity is first established, modified by different functional
requirements and altered by pathological processes.
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